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AN EXPERIMENTAL STUDY OF THE FLUTTER OF SAIIS 
HAVING A DELTA PLANFORM TESTED FROM A 
MACH NUMBER OF 0.1 TO A 
MACH NUMBER OF 1 . 9 * 

By Robert W. Hess 


SUMMARY 




Sails having a delta planform with a leading-edge sweep angle of 
55 ° and a span of about 8 inches were fluttered through a range of angle 
of attack and dynamic pressure at subsonic speeds and transonic speeds. 
Larger sails with a span of about 18 inches were tested at a Mach num- 
ber of 1.9. Two types of flutter were encountered during the tests, 
local flutter and full-sail flutter. Local flutter was confined to a 
small percentage of the total sail area whereas full-sail flutter 
involved the whole sail. For a given set of aerodynamic and structural 
conditions, flutter was found to occur when the angle of attack was 
reduced to a sufficiently low, positive value. In general, flutter 
occurred below an angle of attack of about 2° to 4° at very low dynamic 
pressures (10 lb/sq ft to 20 lb/sq ft) and below about 10 ° in the high 
dynamic -pres sure range (120 lb/sq ft to 200 lb/sq ft). The angle of 
attack at flutter varied rapidly with dynamic pressure in the low 
dynamic -pres sure range and approached a constant angle of attack in 
the high dynamic -pres sure range. No effect of Mach number could be 
determined. The variation of the camber of the sails affected the 
angle of attack at which flutter occurred and obscured the interpreta- 
tion of the results of tests designed to determine the effects of sail 
porosity and density. This type of lifting surface appears to be usable 
from a flutter standpoint with a limitation in the angle of attack. 


INTRODUCTION 


The problem of finding a light, controllable configuration for 
returning rocket booster stages and personnel capsules through the earth's 
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atmosphere has resulted in a variety of proposals. A suggested method 
is the erectable structure; that is, the lifting surface is carried away 
from the earth in a collapsed condition to be erected prior to reentry. 
One structure of this type is the sail, with a lifting surface of a 
woven fabric or a membrane, which is characterized by low wing loadings 
and high values of lift and drag per unit weight. The analytical results 
of reference 1 (for a two-dimensional sail) indicate that lift-drag 
ratios in excess of 1 are possible. 

The sail, however, is subject to a membrane type of flutter which 
must be considered when the conditions at which the vehicles must operate 
along the flight boundary are determined. A "flag waving" or "luffing" 
motion would be expected to occur when the loading on the sail is not 
sufficient to hold the sail in a taut attitude. This implies that, for 
a given set of aerodynamic and structural conditions, there would exist 
an angle of attack below which a possibly dangerous flutter condition 
might occur. Consideration of the optimum reentry trajectories of a 
low wing loading vehicle such as the sail indicates that operation at 
very high angles of attack would be required at orbital and hypersonic 
speeds but at low supersonic and transonic speeds operation at moderate 
angles of attack of the order of 10° would be required. Since the lowest 
required angles of attack occur at transonic and low supersonic speeds, 
it was considered desirable to investigate the limitations in angle of 
attack imposed by the flutter condition in this speed range. 

This paper presents the results of an experimental study of the 
flutter characteristics of a series of delta planform sails. Subsonic 
and transonic characteristics were studied in the Langley 2-foot tran- 
sonic aeroelasticity tunnel and the low supersonic speed range was 
investigated at a Mach number of 1.9 in the Langley 4- by 4-foot super- 
sonic pressure tunnel. 


SYMBOIS 


a 

f 

M 

Pt 

Pt,av 

q 


speed of sound, ft/sec 
flutter frequency, cps 
Mach number 

stagnation pressure, lb/sq ft 
average stagnation pressure, lb/sq ft 
dynamic pressure, lb/sq ft 
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radius, in. 

stagnation temperature, °R 
angle of attack, deg 
air density, slugs/cu ft 


MODEIS AND APPARATUS 


Two families of models were tested in the Langley 2-foot transonic 
aeroelasticity tunnel and 4- by 4-foot supersonic pressure tunnel. All 
the models had delta planforms with leading-edge sweep angles of 55° • 

The models tested in the transonic tunnel had an area of 21.9 square 
inches; the models tested in the supersonic tunnel had a 65 percent 
larger span and had an area of 59*6 square inches. Because there were 
differences in the models and testing techniques, the adjectives small 
and large will be used to differentiate models and tests throughout the 
remainder of the report. Both tunnels in which the models were tested 
are continuous -flow tunnels capable of operating at stagnation pressures 
which are less than atmospheric pressure. The slotted-throat transonic 
tunnel is equipped to use either air or Freon-12, the latter being neces- 
sary to obtain sonic flow. Eight of the 11 models tested in this tunnel 
were tested in air at Mach numbers ranging from 0.093 to O. 869 ; the 
other three were tested in Freon-12 at Mach numbers ranging from 0.239 
to I. 167 . The adjustable nozzle blocks of the supersonic tunnel were 
set for a Mach number of about 1.9 for all the supersonic tests. 

The structural components of the models, as shown in figures 1 to 4, 
consisted of an aluminum fuselage to which were attached the tapered 
aluminum trailing-edge spars and the compression spar. The cable which 
supported the leading edge of the sail was threaded through the tips of 
the fuselage and trailing-edge spars and attached to a tension screw on 
the compression spar at the rear of the model. As may be seen in fig- 
ures 1 and 3> the spars were initially notched at the leading edge to 
obtain a desired stiffness distribution. Also, two spars (spars A and B) 
were constructed for each family of models to give a variation in the 
ratio of normal stiffness to chordwise stiffness. In addition, spar 
frequencies of four models were later reduced by cutting into the top 
of the spars at the root on one model and by adding weight to the tips 
of the spar of three models. 

Initially, all models were tested with balsa leading- and trailing- 
edge spar fairings. However, the leading-edge spar fairings were often 
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lost after being pushed up into the airstream by the billow in the sail 
and later models were generally tested with only the trailing-edge 
fairings . 

Four fabrics were used as sails during the tests: nylon, rubberized 

nylon, Teflon, and fiberglass. As may be seen in table I, which lists 
the available fabric properties, these materials offered variation in 
porosity and density as well as undesirable variations in elongation. 

The sail was folded over the steel cable along the leading edge and 
glued to the top and rear of the aluminum spar at the trailing edge . 

(See figs. 2 and 4.) The models were tested with the sail under the 
fuselage. The pretest tension in the sail could be reduced by screwing 
in the tension screw. A reverse procedure tightened the sail to a 
limited extent. Under no aerodynamic loads, tension could not be applied 
to the sail beyond the point where all the slack had been removed from 
the cables. Cable tension applied beyond this point served to reduce 
the sail camber when the sail was loaded aero dynamic ally since deflec- 
tion normal to a cable is reduced by increased cable tension. The pre- 
test sail tension was, therefore, dependent on the amount of tension in 
the fabric when it was attached to the cable and spars; in the case 
where the model had been previously tested, the pretest sail tension was 
also dependent on the amount that the fabric had stretched during the 
previous test. None of the sails were "drum head tight" before a test, 
the tightest sails being those that had all the slack removed. 

The sail fabric, cable tension, and spar frequencies are listed for 
each model in table II. Zero cable tension in this table indicates the 
condition where the tension screw had been backed off to the point where 
the slack was removed from the cable. 


Instrumentation 

Two sets of two 60-ohm strain gages were mounted on all models, 
each set of gages being comprised of an active and a compensating gage. 
One set of gages was mounted at the trailing edge of one sail panel, 
the other at the root of one spar. (See figs. 2(a) and 4(a).) As might 
be expected, the strain gages on the sails were often destroyed early 
in the tests. The output signal was channeled through a 20-kilocycle 
amplifier to a recording oscillograph for direct observation and 
recording. The signal to response ratio of this system was flat to 
approximately 5*000 cycles per second. The signal from an accelerometer, 
mounted on the transonic-model sting as shown in figure 6, was also 
recorded on this system. Sample records from the small sail flutter 
tests are shown in figure 5* 
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Provisions had been made to measure forces and moments on the large 
models in the supersonic tunnel with a six-component balance; however, 
this balance was damaged at the beginning of the first test before super- 
sonic flow was established. 

The tunnel conditions at flutter (Mach number, density, stagnation 
pressure, and stagnation temperature) were recorded separately and are 
listed for each run in table III. 

Motion pictures, with a frame speed of 1,000 frames per second, were 
taken of typical instability modes for each family of sails. Still photo- 
graphs (fig. 6) were also taken of transonic model number 7 to record 
typical changes in sail camber as angle of attack and dynamic pressure 
were varied. 


Test Procedure 

Prior to testing, the model cables were set to a preselected ten- 
sion; then, the model frequencies listed in table II were determined. 

The angle of attack at the start of each test was usually set above 12° 
unless previous tests indicated that a particular sail would not flutter 
at a lower angle. After the tunnel had been evacuated to the lowest 
desired stagnation pressure, the Mach number of the transonic tunnel 
was raised to the highest attainable Mach number and a record taken of 
existing vibrations. The angle of attack was then decreased slowly 
until one of the two observers noticed flutter. This procedure was 
repeated for two or more lower Mach numbers, after which the whole 
sequence was repeated at a higher stagnation pressure. At the higher 
stagnation pressures the limiting value of Mach number was determined 
by a dynamic pressure of approximately 200 pounds per square foot - a 
limitation based on the strength of the models. The procedure in the 
supersonic tunnel was the same except that the Mach number was essen- 
tially constant at about 1.9- 

There were occasions in the transonic tunnel at the higher Mach 
numbers where the sails and supporting structure vibrated because of a 
tunnel disturbance. Since the onset of flutter was obscured by this 
motion, it was sometimes necessary to pass into the flutter range more 
than once to determine the angle of attack at which flutter started. 


DISCUSSION OF RESULTS 


Three types of instability were encountered during the transonic 
tests: -local flutter, full-sail flutter, and static reversal. Local 
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flutter was generally observed along the leading edge of the highly 
cambered portion of the sail and was confined to a small percentage of 
the total sail area. (See the following sketch.) At a given q, a 



decrease in angle of attack below the initial instability angle increased 
the flutter amplitude and area over which it occurred. Full-sail flutter, 
which involved the whole sail, often started abruptly when a slight change 
in model angle of attack precipitated a change from local to full-sail 
flutter. Other models burst into full-sail flutter without this transi- 
tion from local flutter. Static reversal, where the sail went from a 
positive camber to a negative camber, occurred only at very low dynamic 
pressures. The change from positive to negative camber was sudden and 
violent for some models whereas for other models the action was mitigated 
by a short burst of sail flutter preceding the reversal. 

Changes in dynamic pressure and angle of attack were accompanied 
by changes in sail camber as shown in figures 6 and 7* Photographs of 
small model number 7 at two angles of attack are shown in figure 6. In 
addition to Mach number and dynamic pressure, two values of angle of 
attack are given for each photograph. One angle afp u -tter gives the 

angle of attack at which the model fluttered. The other angle 
“photograph gives the angle of attack of the model when the photographs 

were taken at the given values of Mach number and dynamic pressure. 

Figure 7 is a schematic drawing of the changes in camber drawn from the 
motion pictures taken during the small model tests. As may be noted in 
these figures, the sail gradually assumed an S-shape, the point of inflec- 
tion and the positive cambered pattern of the sail moving rearward toward 
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the trailing-edge spar with decreasing angle of attack. The maximum 
amplitude of the positive-cambered portion of the sail gradually 
decreased whereas the amplitude of the negative-cambered portion 
gradually increased until that portion of the sail was forced down 
and was no longer in contact with the fuselage. 

No observations on the camber of the large models in the supersonic 
t unn el could be made since only the planform of the model and not the 
profile was observed from the tunnel side wall. This orientation of the 
large models (spar normal to the nozzle blocks) was necessary to mini- 
mize the transient forces on the sail due to turbulence that existed in 
the tunnel before the flow became supersonic. 

The results of the tests are presented in table III for each model. 
Included in the tables are tunnel conditions at instability, angle of 
attack, spar and sail frequencies, and comments on the type of insta- 
bility that was encountered. Additional comments on the condition of 
the sail before and after the tests are also presented in footnotes 
pertaining to each model. The results obtained from eight of the small 
models and six of the large models are plotted in figures 8 to 11 for 
angle of attack as a function of dynamic pressure. For comparative 
purposes the results of three of the small, nylon-covered models are 
plotted for angle of attack as a function of Mach number. The small- 
model data are coded to indicate the test sequence and average stagna- 
tion pressure. Local flutter, full-sail flutter, and reversal are 
designated by open symbols, solid symbols, and flagged symbols, respec- 
tively. The large-model data, figure 11, are coded by model number only. 

The most consistent small -model results were obtained from the 
nylon-covered models (models 1, 2, and 3) which are plotted with angle 
of attack at the onset of flutter as a function of both dynamic pressure 
and Mach number in figure 8. A comparison of the two sets of curves 
indicates that, for the Mach number range in which the models were tested, 
the angle of attack at the onset of local flutter is a function of dynamic 
pressure and is essentially independent of Mach number. At low dynamic 
pressures in the neighborhood of 10 pounds per square foot, the angle of 
attack at flutter was about ^°. The angle of, attack increased with 
increasing dynamic pressure to about 50 pounds per square foot; above 
this value the angle of attack gradually became asymptotic to an angle 
of about 9°. 

The tension or, conversely, the lack of tension in the sail appeared 
to have a large effect on the angle of attack at the onset of flutter, 
but, since no consistent or accurate measurements could be taken of the 
amount of slack in the sails, no direct quantitative assessment of this 
effect can be made. However, it is possible to make some general obser- 
vations from the test results. 
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The possible effects of increasing slack in the sails may be noted- 
in figure 8, where the angle of attack at flutter for the same model and 
dynamic pressure increased with each successive test. This may be due 
to sail and/or cable stretching with increasing exposure to aerodynamic 
loading. The influence of sail slack or sail billow is most discernible 
when the results in figures 9( a ) and - 9(b) and 10(a) and 10(b) which are 
plots of results for small, Teflon-covered models without and with cable 
tension and small, rubber-coated-nylon models without and with cable 
tension, respectively, are compared. In both sets of tests the onset 
of flutter at dynamic pressures above 80 pounds per square foot occurred 
at lower angles of attack for the model with cable tension. Moreover, 
the sails with cable tension appeared to flutter within a band of angles 
of attack that was independent of dynamic pressure. It may also be 
noted that, at the values of dynamic pressure below 80 pounds per square 
foot, the results for the models with cable tension appear to be roughly 
the same as those tested without cable tension. This effect may be due 
to the fact that at lower dynamic pressures and angles of attack the 
normal forces on the cable were not large enough to cause significantly 
larger deflections on the cables that were not preloaded. 

As was discussed in a previous section, the amount of billow in the 
sail was also dependent on the tension in the fabric when it was initially 
attached to the model frame. Some of the scatter in the results from the 
two families of sails may be due to a lack of control of the sail tension 
when the model was covered and also to changes in the sail during the 
tests. Two of the small Teflon models were identical. Model 7 was 
model 6 with tension in the cables; the third model was one that had been 
re-covered with Teflon. The test results from the three models are plotted 
in figures 9 (a), 9(b), and 9( c )* The results from models 6 and 7 fall 
close to each other at low values of q whereas the results from model 8 
fall from l-l/2° to 3° lower. 

The results of the. two large, nylon models (models 12 and 13), which 
were different sails, exhibit a much larger discrepancy than was encoun- 
tered on any other tests. This difference in angles of attack at the 
onset of flutter was increased as small tears developed at the trailing 
edge of the sail of model number 13; a repeat of the first point in the 
sequence fluttered at an angle of attack that was 2° higher than when 
the sail was undamaged. 

The effects of mass and porosity are difficult to assess primarily 
because of the previously discussed effects of camber. The only observa- 
ble differences in the results are between the lighter nylon sails and 
the heavier, less elastic Teflon and rubberized-nylon sails. The nylon 
sails fluttered at higher angles of attack and the results are more con- 
sistent than those obtained from the heavier sails. The heavier sails 
(except for the fiberglass sail, model 11, from which very little data 
were obtained) also experienced full-sail flutter over a much wider range 
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of dynamic pressures. At a given dynamic pressure, local flutter on the 
nylon sails was encountered over a range of angles of attack before full- 
sail flutter developed, whereas the heavier sails generally burst into 
full-sail flutter without passing through this range of local flutter. 

Only fragmentary information is presented on the flutter frequencies 
of the sails, since the sail strain gages on the transonic models were 
often lost early in the tests and all the sail strain gages on the super- 
sonic sails were lost .before the flow stabilized. In addition, the 
response from the gages that did remain were not always periodic but had 
a random response with no predominant frequency. One record taken at 
full-sail flutter and two records taken at local flutter are presented 
in figures 5 (&).> 5(b), and 5(c). The available measurements of the fre- 
quencies of the sails and spars at flutter are listed for each model in 
table III. There was no apparent change in the sail flutter that could 
be attributed to the variation in the spar frequencies. 

As a matter of interest, the frequencies obtained from strain gages 
mounted on the sails of the small models at local flutter are plotted 
as a function of dynamic pressure on a log-log basis in figure 12. The 
straight line faired through the data is based on an estimate determined 
from the least-squares criteria. (See ref. 2.) In figure 12, the sum 
of the squares of the difference between the logarithm of the experi- 
mental frequencies and that of the line are a minimum. The fact that 
the least-squares analysis yielded an exponent of dynamic pressure near 
one-half suggests the possibility that the frequency may vary directly 
with velocity. However, similar examination of the variation of fre- 
quency with velocity indicates that the data for different densities 
tend to yield separate curves and therefore it appears that the dynamic 
pressure is the predominant variable. 


CONCLUSIONS 


An investigation was made of the flutter of sails at subsonic, 
transonic, and supersonic speeds. The investigation indicated the fol- 
lowing conclusions: 

1. At high angles of attack, the model sails were stable. As the 
angle of attack was reduced, three types of instability were encountered : 
local flutter, full-sail flutter, and static reversal. 

2. The angle of attack at the onset of local flutter and the flutter 
frequency are functions of dynamic pressure at subsonic and transonic 
speeds and are essentially independent of Mach number. 


CONFIDENTIAL 


10 


CONFIDENTIAL 


3. At a given dynamic pressure, increasing the tension in the sail 
tended to increase the flutter-free range of angle of attack. 


Langley Research Center, 

National Aeronautics and Space Administration, 
Langley Field, Va., July 29; I960* 
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TABLE II.- MODELS TESTED 


(a) Small models 


Model 

Material 

Cable 

tension, lb 

Spar frequencies, cps 

Test 

medium 

Spar 

Symmetrical 

Ant i symrne t r i cal 

1 

Nylon 

— 
0 ' 

625 

540 

Air 

A 

2 

Nylon 1 

0 

386 

265 

Air 

A 

3 

Nylon 1 ' 2 

0 

386 

265 

Freon 

A 

4 

Nylon 2 

0 

625 

500 

Air 

A 

5 

* 2 

Nylon^' 

0 

398 

512 

Air 

B 

6 

Teflon 

0 

628 

508 

Air 

A 

7 

Teflon 2 

19.5 

643 

507 

Air 

A 

8 

Teflon 2 

0 

584 

480 

Freon 

A 

9 

Rubberized nylon 

0 

645 

526 

Air 

A 

10 

p 

Rubberized nylon 

19.5 

650 

475 

Air 

A 

11 

2 

Fiberglass 

0 

584 

518 

Freon 

A 


(b) Large models 


Model 

Material 

Cable 

tension, lb 

Spar frequencies, cps 

Spar 

Symmetrical 

Ant i symmetr i cal 

12 

Nylon 2 

0 

310 

192 

B 

13 

w . 1,2 
Nylon 7 

0 

221 

130 

B 

14 

Teflon 2 

lb 

308 

211 

A 

15 

Rubberized nylon 

0 

324 

184 

A 

16 

0 

Rubberized nylon* 1 

0 

318 

187 

A 


-1-Spar frequency reduced by adding weight to spars. 

^No balsa leading-edge spar fairing at start of test. 
^Spar frequency reduced by notching spars at root. 
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sail was slightly wrinkled and had uneven sail tension distribution in some areas of the sail at the start of the tests. 
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sable III., flutter test results - 
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(a) Small-model testa - Continued 
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TABLE III.- FLUTTER TEST RESULTS - Continued 
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III.- FLUTTER TEST RESULTS - Continued 
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TABLE III.- FLUTTER TEST RESULTS - Continued 
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sail tension appeared to be uniform before and after the tests. 
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i The sall W as slightly wrinkled at the start of the tests. At the end of the test, the starboard cable was found to be 
due to the cable slipping the joint at the compression spar. 
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III.- FLUTTER TEST RESULTS - Continued 



T?he sail started to fray at the start of the test along the trailing edge of the sail and the tests 
were terminated after the sail had frayed approximately 50 percent of the length of the spars. 
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model was destroyed in the subsonic flow after the tests. 



III.- FLUTTER TEST RESULTS - Concluded 
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*\he model was destroyed in the turbulent subsonic flow after the tests. 
n The model was destroyed in the subsonic flow after the tests. 
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'-.021 diam, 7 strand coble 


Figure 1.- Detail drawing of small model. Dimensions are in inches. 
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(b) Bottom view of Teflon-covered model. L-60-433^ 
Figure 2.- Top and bottom views of small models. 
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(a) Top view. 



(b) Bottom view. 


L- 60-4335 


Figure 4.- 


Top and bottom views of large model. 
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(c) Local flutter; model run 67. 

Figure 5.- Sample records taken during large model tests. 
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NASA 


2 * a T 



L-60-4336 

(b) photograph = 3* 3 } a flutter = 3*2 ; M = 0.353} 1 = H«2 lb/sq ft. 

Figure 6. - Variation in camber with angle of attack and dynamic pressure 

for small model 7 . 
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Figure 9* _ Variation of angle of attack, at instability, with dynamic 
pressure for small Teflon covered models. 
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Figure 9.- Concluded. 
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Figure 10.- Variation of angle of attack, at instability, with dynamic 
pressure fop small rubber-coated nylon models. 
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! 

! Figure 11.- Variation of angle of attack with dynamic pressure at 

(local) for large models. M = I. 90 . Arrow indicates sequence 


flutter 
of tests . 
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